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ABSTRACT 


Twenty  confirmatory  samples  and  reports  were  delivered  on  January  30. 
Hysteresis  loop  and  microwave  testing  at  Raytheon  and  confirming  measure- 
ments at  ECOM  Laboratories  indicate  the  samples  meet  or  exceed  contract 
requirements.  Differential  phase  shift  on  10  test  elements  averages  384"  . 
compared  with  the  >340"  specified.  The  average  insertion  loss  on  these 
10  elements  was  1.04  dB,  which  compares  with  a contract  goal  of  1 dB  or 
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GLOSSARY 


Annealing  - A heating  schedule  similar  to  firing  but  performed  on  a dense 
materiallo  relieve  strain,  improve  homogeneity  or  recrystallize  a micro- 
crvstalline  material. 

Arc  Plasma  Spraying  - High-temperature  deposition  technique  in  which  molten 
or  partially  molten  material  is  sprayed  onto  a heated  substrate. 

Coercive  Force  - The  horizontal  displacement  of  the  magnetization  vs  applied 
field  curve  the  hysteresis  loop  at  zero  induced  field.  A measure  of  the  energy' 
required  to  move  magnetic  domains  through  a solid  material. 

Core  Material  - The  dielectric  material  which  fills  the  hollow  space  within 
the  ferrite  toroid. 


Dielectric  - Oxide  compounds  which  exibit  polarization  in  electric  fields. 
Dilatometer  - A device  for  measuring  thermal  expansion. 

2 2 

Elastic  Modulus  - The  ratio  of  stress-to-strain  (in  pounds/in.  or  Newtons/in.  ) 
in  isotropic  materials  which  gives  an  indication  of  the  stiffness  or  resistance  to 
deformation.  Also  referred  to  as  Young*  s modulus.  Typically  10  to  50  v 10" 
psi  for  oxides. 

Ferrite  - Oxide  compounds  of  iron  and  othe  elements  that  exhibit  a spontaneous 
magnetic  moment  due  to  magnetic  spin  dipoie  alignment  within  the  structure. 

Hysteresis  Loop  Properties  - The  display  of  magnetization  vs  applied  field 
for  a toroidal  or  long  rod-shaped  sample  of  a ferromagnetic  material.  The 
display,  generally  obtained  or  low  frequencies  102  Hz)  is  useful  in 
predictions  of  the  magnetization  properties  and  phase  shift  behavior  at 
microwave  frequencies  (®  10^0  Hz). 

Firing  - Any  high-temperature  process  performed  on  a material,  but  usually 
referring  to  a heating  schedule  which  transforms  a powder  aggregate  into  a 
dense  ceramic. 


Isostatic  Pressure  - A powder  compaction  technique  in  which  a sealed  deform- 
able  container  (e.g. , a rubber  bag  with  powder  inside)  is  subject  to  a uniform 
compacting  pressure  from  all  sides. 

Latched  State  - State  of  remnant  magnetization  after  application  of  an  applied 
field  sufficie’nt  to  magnetize  in  one  or  two  opposite  (180*)  directions. 


Lithium  Ferrite  - A class  of  ferrite  materials  with  the  general  formula 
Li  5+  v/2  -■  vr^'ixZnyo  Fe2.5  . 3x/2-v°4  characterized  by  a saturation 
ma'gnetization  of  0 < 4ffMg  < 3600,  i dielectric  constant  18  <K  < 20,  and 
frequently  used  in  microwave  devices. 


Magnetic  Compensation  - A condition  obtained  in  a specific  ferrite  composition 
anchor  at  specific  temperatures  where  the  magnetic  moment  is  zero.  At  this 
point  the  opposed  magnetic  sublattices  within  the  single  phase  composition 
exactly  compensate. 
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Magnetometer  - A device  for  measuring  magnetic  moment. 

Microwave  - TTiat  part  of  the  electromagnetic  spectrum  between  100  MHz 


I 
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and  100  GHz . 

Phase  Shifter  - A microwave  device  which  serves  as  the  active  element  in 
phased-array  radar  svstems  where  the  state  of  magnetic  polarization  is  used 
to  control  the  phase  length  of  the  electromagnetic  energy.  Also  called  phase 
control  element. 

Remanent  Magnetization  (4rMj.)  - The  value  of  induced  field  remaining  in  a 
material  with  toroidal  geometry  at  zero  applied  field  following  the  application 
of  an  applied  field  sufficient  to  uniformly  magnetize  a material. 

Saturated  Magnetization  (4a- Ms)  - The  saturation  magnetization  (c.g.s.)  is  the 
magnetic  moment  gauss/cm^  oT* a material  in  an  external  DC  field  of  sufficient 
magnitude  to  align  the  magnetic  moment  in  the  material  parallel  with  it. 

Saw  Kerf  - That  portion  of  a solid  removed  by  the  cutting  blade.  The  kerf 
width  is  usually  about  5 percent  wider  than  the  width  of  the  blade. 

Spinel  Ferrites  - A class  of  iron  oxide  compositions  having  face-centered  cubic 
crystal  structures  similar  to  the  mineral  spinel  (MgAl204>  and  a magnetic 
moment  which  depends  on  composition. 

Spray-Dried  Powder  - A form  of  powder  aggregation  where  spherical  particles 
of  ~ lU  to  100  M-m  are  produced  which  are  themselves  aggregates  of  much 
smaller  ( < 1 y.m)  particles.  The  advantage  of  this  process  is  that  the  ag- 
gregates have  better  flow  properties  than  untreated  powder.  The  process  is 
accomplished  in  a spray  drier,  a large  funnel-shaped  cavity  into  which  a liquid 
suspension  is  sprayed  and  dried. 

Stoichiometric  - The  idealized  atomic  proportions  of  elements  in  a chemical 
composition,  such  as  the  1:2  in  Mg:Al  ratio  in  MgAl204.  Departures  from  the 
exact  integral  proportions  may  have  important  effects  on  properties. 

Stress-to-Failure  - A statistical  or  average  stress  level  of  a solid  where 
failure  by  brittle  fracture  propagation  takes  place,  also  called  the  modulus 
of  rupture.  Depends  on  surface  conditions  as  well  as  intrinsic  strength. 

Thermal  Expansion  Coefficient  - A parameter  denoting  the  change  in  dimension 
(Ai  /f  o^  unit  temperature  between  ambient  conditions  and  some  elevated 
temperature.  Since  the  actual  expansion  is  not  perfectly  linear,  one  must 
specify  the  thermal  interval  of  interest;  i.e.,  o = 15  ppm  ‘C"!  denotes 

expansion  between  20*C  and  !000*C  has  our  average  slope 
+ 15  X 10"®  in.  /in.  /*C. 

Toroid  - A ring-shaped  specimen  used  in  magnetic  measurements,  particularly 
the  hysteresis  properties. 

X-Ray  Analysis  - Analysis  of  crystal  structure  (X-ray  diffraction),  elemental 
composition  -ray  fluorescent  analysis  ) to  control  processing  or  elucidate 
property  variations  using  short  wavelength  radiation. 
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The  purpose  of  this  program  is  to  develop  a manufacturing  capability 
for  producing  the  Patriot  phase -shifter  element  by  arc -plasma  spraying  of  a 
lithium -titanium  ferrite  onto  a dielectric  substrate.  The  primary  objective 
is  to  produce  the  phase  control  element  as  a finished  composition  with  accept- 
able microwave  properties  and  a reasonably  high  yield.  To  achieve  sound 
composites,  one  of  the  properties  needing  constant  monitoring  is  the  match 
in  thermal  expansion  coefficient  between  the  ferrite  coating  and  the  dielec- 
tric. A second  important  area  for  control  and  reproducibility  is  the  thermal 
environment  during  spraying.  Thermal  conditions  are  influenced  mainly  by 
arc  current,  the  gas  velocities,  and  the  substrate -to-gun  separation  distance. 
Finally,  to  achieve  a low  unit  cost,  it  is  necessary  to  improve  yield  and  re- 
duce machining  costs  by  working  with  local  machine  shops  to  improve  over- 
all efficiency. 

2.  0 NARRATIVE  AND  DATA 

2 . 1 Preparation  and  Testing  of  Starting  Materials 

During  this  quarter  we  have  continued  to  use  the  higher  magnetization 
ferrite  powder,  which  we  designate  LMTF475(G5)  and  LMTF47  5(G7).  This 
is  the  ferrite  composition  primarily  used  in  the  confirmatory  run,  and  we 
expect  to  use  it  in  the  pilot  production  run,  which  begins  in  early  April.  The 
dielectric  composition  has  the  nominal  composition  Li^  0^*^  lO^^l  0"^^  07^^  83^4’ 
which  we  designate  LMTAF200(7A). 

2.1.1  Dielectric  materials  development 

The  dielectric  composition  LMTAF200(7A)  is  produced  in  1 -kg  bars 
whose  approximate  external  dimensions  are  8 X .85  X 2.25  in.  A small  amount 
of  Bi^Og  (0.  1 percent  by  weight)  is  added  to  lower  the  firing  temperature. 

Fired  density  is  4.0  g/  cc:  typical  grain  size  is  50  pm.  The  scanning  electron 
photomicrograph  in  Fig.  1 at  1000  X shows  a fracture  surface  at  the  interface 
between  the  dielectric  (large  grains)  Eind  the  annealed  ferrite  (small  grains). 
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Scanning  Electron  Photomicrograph  of  the 
Boundary  of  the  Dielectric,  LMTAF200(7A), 
and  Ferrite  Powder. 


E'igure  1 


As  reported  in  the  Fifth  Quarterly  Report,  thermal  expansion  coefficient 
at  1000°C  is  Q = 15.2  ppm/  °C.  The  slot  geometry  pictured  in  Fig.  16  of  the 
Sixth  Quarterly  Report  (long  dimension  of  slot  parallel  to  the  surface  be- 
tween dielectric  halves)  has  been  adopted  for  the  production  run. 

2.1.2  Ferrite  powder  evaluation 

The  LMTF475(G5)  powder  used  in  the  confirmatory  sample  run  had  good 
flow  characteristics  and  produced  coatings  with  magnetic  properties  which 
satisfied  our  contract  goals.  We  therefore  wanted  the  powder  for  the  pilot 
production  run  to  have  identical  basic  composition  and  flow  characteristics. 
The  new  powder,  LMTF47  5(G7)^  has  been  formulated  from  the  same  raw  ma- 
terials following  the  same  processing  and  spray  drying  as  G5.  As  far  as  we 
can  tell,  its  magnetic  and  dielectric  properties  are  identical  to  G5.  Its 
powder  flow  characteristics,  however,  are  very  similar  but  not  identical. 
Although  the  flow  of  the  G5  powder  was  generally  better,  the  differences  are 
not  large  enough  to  create  serious  problems.  We  have,  for  example,  sprayed 
APS  samples  with  both  powders  and  obtained  comparable  47rM^  and  values, 
as  will  be  discussed  in  Sec.  2.2.2.  Nevertheless,  we  have  decided  to  mea- 
sure spray-dried  particle  size  on  these  two  powders  to  establish  any  differ- 
ences quantitatively. 

Figure  2 shows  one  SEM  photograph  of  spray-dried  G5  powder  from  the 
chambers  fraction  and  one  from  the  fines  fraction  collected  in  the  cyclone 
separator  at  the  exit  end  of  dryer.  Figure  3 shows  similar  SEM  photographs 
of  the  G7  ferrite  powder.  The  photographs  are  a collection  of  six  sequential 
individual  photos  of  a representative  region  of  powder  samples  taken  orig- 
inally at  400 X magnification.  Size  reduction  for  publication  in  this  report  has 
reduced  the  magnification  to  175X. 

The  spray-dried  particles  in  a photograph  were  counted  at  the  original 
magnification.  To  determine  the  number  of  counts  needed  to  generate  a 
histogram  representative  of  the  sample,  we  divided  the  photograph  in  half 
and  generated  separate  histograms  of  the  two  parts,  approximately  800  counts 
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imirc  2 SI  M Photographs  at  400x  of  Spray-Dried  P errites  LMTF475(G-5). 
Top:  Chambers  fraction;  Bottom:  Fines  fraction. 
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in  each.  If  a doubling  of  the  number  of  counts  does  not  change  the  histogram 
shape,  the  smaller  number  is  adequate.  What  is  an  adequate  count  is,  of 
course,  a subjective  evaluation,  and  we  have  had  to  adopt  arbitrary  criteria 
to  set  limits.  We  have  decided  that  a change  in  mean  particle  size  of  > 20 
percent,  or  radical  differences  in  the  shapes  of  the  two  distribution  curves, 
would  indicate  insufficient  data  for  a histogram  representative  of  the  powder. 


Figure  4 shows  two  curves  for  the  G7  fines  powder  fraction  one  curve 
indicating  the  count  in  the  lower  half  of  Fig.  3;  the  other,  the  top  half  of 
Fig.  3.  Every  resolvable  particle  was  counted,  totalling  1672  different 
particles  of  different  diameters.  The  two  curves  differ  in  mean  value  by 
approximately  15  percent  and  the  particles  have  similar  sizes,  indicating 
that  this  count  is  adequate  by  our  standards. 

• 

Figure  5 is  a particle  size  histogram  which  compares  1454  counts  of 
the  LMTF475(G5)  fines  fraction  powder  in  Fig.  2 with  1672  counts  of  the 
LMTF475(G7)  fines  fraction  powder  in  Fig.  3.  The  G7  powder  appears  to 
have  a slightly  larger  particle  size  at  the  peak  area  below  10  microns  and  a 
larger  proportion  of  the  larger  particles  as  well.  The  histograms  have  not 
been  corrected  for  the  13  percent  difference  in  total  counts  between  powders, 
which  would  alter  the  appearance  of  the  curves  to  some  degree. 

We  also  studied  the  chambers  fraction  of  the  G5  and  G7  powders.  The 
number  of  particle  counts  is  significantly  less  for  these  powders,  and  the 
counting  statistics  less  reliable.  The  six  photographs  making  up  the  G5 
chambers  view  in  Fig.  2 had  325  particles,  whereas  the  total  number  for  the 
G7  chambers  in  Fig.  3 was  261  particles.  The  corresponding  numbers  for 
the  fines  fraction  in  these  two  photographs  are  1454  and  1672,  respectively. 

Histograms  of  the  particle  size  distribution  for  the  smaller  size  range 
of  the  G5  (0)  and  G7  (x)  chambers  fractions  are  shown  in  Fig.  6.  A com- 
parison of  the  two  curves  does  not  suggest  differences  in  size  distribution 
that  seem  apparent  when  comparing  photographs:  that  is,  the  G7  powder 
seems  to  have  more  uniform  and  larger  particles  than  G5. 


6 


Figure  5 Particle-Size  Histogram  Graphing  the  LMTF475(G5)  Fines  Fraction 
Powder  from  Figure  2 and  the  LMTF475(G7)  Fines  Fraction  Powder 
from  Figure  3. 
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Arc  plasma  runs  with  the  G7  ferrite  powder  indicate  flow  character- 
istics that  are  adequate  but  not  as  good  as  the  G5  powder.  The  tendency  for 
clogging  is  greater  and  deposition  is  slower  for  a given  set  of  powder  flow 
parameters  and  arc  spray  conditions.  We  tried  to  find  particle  size  differ- 
ences to  correlate  with  these  characteristics.  By  looking  at  photographs  of 
both  fines  and  chambers  fractions  of  G5  and  G7  powders  we  saw  what  seemed 
to  be  noticeable  differences  in  particle  sizes.  However,  the  evaluation  was 
subjective,  because  the  size  differences  did  not  show  up  as  quantifiable  changes 
in  the  histogram  curves.  Possibly  our  analysis  techniques  are  not  sensitive 
enough  or  our  sampling  is  too  small  to  explain  why  the  G5  ferrite  powder 
sprays  more  easily  than  the  G7  powder. 
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On  the  other  hand,  differences  in  flow  characteristics  of  deposition 
efficiency  might  be  influenced  more  by  moisture  content  or  state  of  agglom- 
eration rather  than  by  particle  size  or  distribution.  So  far  we  have  found 
that  optimum  flow  and  deposition  characteristics  result  from  powders  that 
are  dried  near  100° C and  then  screened.  We  find  that  higher  drying  tem- 
peratures produce  poorer  flowing  powders,  perhaps  because  they  drive  off 
the  small  binder  content  that  holds  together  the  spray-dried  agglomerates. 
Certainly  any  break  up  in  the  spray-dried  particles  would  interfere  with  flow. 

It  is  difficult  to  pinpoint  why  the  screening  is  beneficial,  because 
screen  sizes  are  generally  larger  than  all  but  a few  large  spray-dried  par- 
ticles. We  speculate  that  the  major  effect  of  the  screen  is  not  to  separate 
the  small  particles  from  the  larger  but  to  break  up  groups  of  smaller  par- 
ticles that  hang  together.  The  tendency  to  reagglomerate  is  a function  of 
particle  size,  being  much  stronger  in  the  fine  screen  size  range  (50  - 80 ^m) 
than  with  coarser  screen  fractions  (100  - 200 /urn).  Also,  if  the  powder  is 
kept  under  dessicant,  the  tendency  to  reagglomerate  is  inhibited. 


Differences  in  particle  size,  moisture  content,  and  state  of  agglomera- 
tion in  the  spray-dried  ferrite  powders  probably  all  enter  into  the  observed 
variations  in  plasma  spraying.  Different  ferrite  powders  alter  the  deposit 
rate  anywhere  from  20  to  50  percent,  requiring  changes  in  arc  current  and 
powder  gas  velocity  - powder  feed  rate  and  other  factors  to  optimize  deposi- 
tion. These  adjustments  in  spray  parameters  require  talent  and  ingenuity 
on  the  part  of  the  operator. 
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APS  Experiments  at  Raytheon 


2.2.1  Equipment  modifications 

A new  assembly  for  controlling  motion  of  the  substrate  has  been  in- 
stalled and  tested.  The  metal  support  plate  has  been  completed.  The  metal 
support  plate  and  the  pedestal  motion  assembly  (Fig.  7)  occupy  extra  space 
below  the  spray  hood,  necessitating  a relocation  of  the  spray  hood,  and  a 
concomitant  relocation  of  the  hydraulic  ram,  the  oil  feed  lines,  and  the 
velocity  sensor. 

The  new  equipment  has  performed  quite  satisfactorily  over  a dozen  or 
so  testing  runs.  Substrate  wobble  has  not  been  eliminated,  but  its  occurrence 
and  severity  have  been  reduced  to  the  degree  that  we  no  longer  expect  to 
need  the  upper  bearing  to  capture  the  free  end  of  the  substrate.  This  is 
fortunate  because  now  we  need  not  move  the  assembly  in  and  out  each  time 
a sample  is  transferred  to  the  holding  oven  and  a new  substrate  was  fitted 
in  place. 

We  began  experimental  runs  with  the  rebuilt,  larger-volume  spray 
chamber  mentioned  in  the  Sixth  Quarterly  Report.  Four  heating  elements 
of  Kanthal’^  resistance  wire  were  built  into  the  chamber  side -walls,  the  two 
front  elements  operating  on  separate  controllers  and  capable  of  a power  out- 
put of  1500  W each.  The  two  rear  elements  are  operated  at  reduced  power 
levels  under  manual  (Variac)  control.  The  resistance  wire  of  each  element  [ 

was  cement-coated  to  minimize  interaction  with  the  overspray  powder.  j 

1 

The  cement  coating  proved  to  be  the  source  of  heating-element  failures,  i 

which  resulted  in  considerable  down  time  in  the  plasma  spray  program.  j 

I 

Heater  elements  failed  repeatedly  after  about  10  hours  of  operation  where  the  j 

chamber  temperature  was  no  higher  than  750°  C — a range  well  within  the  j 

service  temperature  and  watt  density  surface  loading  capabilities  of  the 


Trade  name,  Kanthal  Corporation. 


J 
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Kanthal  wire.  X-ray  transmission  photographs  of  the  failed  elements  showed 
the  cause  of  failure  was  widespread  melting  of  the  wire  under  the  cement 
coating.  Apparently  the  cement  entrapped  enough  heat  to  induce  melting 
(1400®  C)  without  allowing  sufficient  radiation  transfer  into  the  furnace 
chambel^.  The  manufacturer  has  supplied  us  with  new  elements  that  do  not 
have  a cement  coating.  We  have  made  only  a few  runs  with  these  ele- 
ments, so  it  is  too  early  to  tell  if  the  change  has  increased  element  life. 

The  wire  is  recessed  in  grooves  so  that  ferrite  powder  buildup  is  not  too 
rapid,  but  it  is  clear  that  powder  contamination  will  be  more  of  a problem 
with  uncoated  units.  We  have  adopted  a "wait  and  see"  attitude  toward  these 
modifications. 

Our  machine  shop  has  designed  a graphite  cylindrical  plug  for  holding 
the  two-piece  dielectric  rod,  which  appears  to  be  a significant  improvement 
over  the  previous  design.  The  earlier  design  was  an  arrangement  of  stainless 
steel  jaws  with  a circular  hole  in  which  the  substrate  is  clamped  in  an  upright 
position  during  spraying.  Oxidation  of  the  graphite  during  the  run  aoes  not 
pose  any  serious  problems. 

It  is  too  early  to  tell  if  the  graphite  plug  will  prove  more  reliable  than 
the  steel  jaw  clamping  assembly.  The  latter  is  being  kept  as  a complete 
assembly,  should  we  decide  that  the  new  arrangement  is  unsatisfactory. 

2.2.2  Plasma  spray  runs  and  hysteresis  preparations  on 
machined  samples 

The  first  APS  run  with  the  newly  enlarged  spray  chamber  was  made 
c»i  January  6.  The  powder  used,  as  shown  in  the  Arc  Plasma  Log  (Table  I), 
was  the  LMTF475(G5)  spray-dried  powder;  the  dielectric  had  the  nominal 
composition 


l^h.0^^0.83'^^0.07^4 


This  is  the  dielectric  to  be  used  on  the  production  run.  The  spray 


13 


w 


RC  PUSMA  SPRAY  LOG  (Conl'd, ) 
High  Veixity  Nozzle 
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NR  320  38  30  65  45  1.1-0. 8 730  600  Conditions  poor  ■ 

hopper  leak  severe  - 
Graphite  pi uo 

No  preheat  INPI  wobbly 


parameters  were  220  amps  arc  current  and  15  CFH  powder  gas  velocity, 
typical  of  conditions  used  in  the  confirmatory  run.  The  as-sprayed  boules 
shown  in  the  Appendix  were  uniformly  coated  and  fairly  straight  although 
the  wall  thickness  after  final  machining  is  not  ideally  uniform.  APS  298 
was  essentially  a repeat  of  297  at  a slightly  higher  arc  current.  In  sample 
299  the  rotation  direction  was  reversed  at  midpoint  to  determine  its  effect 
on  deposit  rate.  The  deposit  rate  did,  in  fact,  increase  as  can  be  seen  in 
the  X-ray  photo  in  Appendix  A.  In  subsequent  work  we  have  found  that  the 
dependence  of  deposition  rate  on  rotation  direction  is  one  of  several  factors 
that  can  influence  the  ferrite  coating  thickness.  The  dependence  is  caused 
by  the  fact  that  the  ferrite  deposit  pattern  is  heavier  to  the  right  of  center 
when  viewed  from  behind  the  gun.  During  spraying  the  hot  spot  on  the  sub- 
strate tends  to  move  with  the  sense  of  rotation.  If  this  spot  moves  into  the 
heavier  spray  zone  of  the  unsymmetric  spray  pattern,  the  deposit  rate  will 
increase.  Deposit  rate  is  also  sensitive  to  other  factors  such  as  concen- 
tricity of  substrate  rotation  and  spray  chamber  temperature. 

Samples  APS  300  to  304  were  sprayed  under  nearly  identical  conditions. 
Efforts  were  made  to  reduce  the  separation  between  substrate  halves  by  in- 
creasing rotation  rate  and  changing  powder  feed  velocity.  These  changes 
were  not  as  effective  as  moving  the  retainer  clips  another  half  inch  closer 
together.  It  appears  that  substrate  separation  will  continue  to  be  a factor 
in  reproducibility  until  one-piece  dielectrics  are  developed. 

Table  II  shows  the  coercive  force  and  remanent  magnetization 

at  15-amp  turns  obtained  on  the  samples  in  this  series  which  went  through 
the  various  production  steps. 

Samples  305  to  308  in  Table  II  were  sprayed  again  with  G5  powder  but 
with  some  experimentation  on  direction  of  translation  and  introduction  of 
substrates  without  preheating  (marked  NP  in  Table  I). 
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TABLE  II 


HYSTERESIS  PROPERTIES  OF  APS 


Samples  297  to 

304 

APS  No. 

H 

c 

B 
r 

Comments 

297 

2.  50 

728 

2 98 

2.29 

774 

299 

-- 

-- 

Broke  during  spray 

300 

2.45 

730 

301 

3. 16 

763 

302 

-- 

-- 

Broke  in  machining 

303 

3.  32 

725 

304 

Too  short 

The  next  APS  run  on  February  10  was  the  first  with  the  new  rotation 
translation  equipment,  still  using  the  steel  jaws  to  clamp  the  bare  substrate 
rod.  Results  were  rather  poor  because  the  jaws  were  not  holding  the  sub- 
strate securely.  APS  runs  309  to  312  did  not  yield  worthwhile  samples. 

On  February  16  we  first  used  a graphite  plug  arrangement  for  holding 
the  dielectric,  hoping  that  this  new  assembly  would  simplify  the  process  of 
sample  transfer.  The  graphite  plug,  about  0.75  in.  diameter  has  a slight 
taper  which  is  matched  by  a similar  taper  in  the  receiving  hole  in  the  pedestal 
tube.  Since  the  substrate  is  fitted  in  a slightly  undersized  center  hole,  there 
is  no  problem  of  wobble  due  to  misorientation  of  the  dielectric  in  the  holding 
mechanism.  There  is  some  problem  with  oxidation  in  the  holding  (600° C)  oven 
after  spraying  which  limits  the  reuse  of  the  graphite  plugs,  but  the  greater  ease 
in  transfer  outweighs  the  added  cost.  The  samples  APS  313  to  316  were  not 
worth  further  processing  because  of  the  experiments  with  the  new  assembly. 

On  February  21  another  APS  run  was  made  using  the  graphite  plugs 
and  dielectric  rods  of  type  LMTAF200(4)  and  LMTAF200(7A).  The  hysteresis 
properties  on  this  series  are  summarized  in  Table  III. 
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TABLE  III 


HYSTERESIS  PROPERTIES  OF  APS  SAMPLES  317  to  324 

APS  No.  Comments 

317 

318 

319 

320 

321 

322 

323 

The  series  APS  320,  321,  and  322  were  particularly  interesting  in 
this  series  because  spray  conditions  were  nearly  identical  and  samples  were 
machined  sequentially  and  annealed  together.  X-ray  photographs  were  taken 
of  the  machined  phase  shifters  (Appendix  A)  and  very  careful  measurements 
of  wall  thickness  were  made  on  these  three.  An  examination  of  these  three 
photographs  shows  that  there  was  bowing  in  APS  runs  321  and  322  which 
qualitatively  agrees  with  the  order  of  remanent  magnetization  (B^)  if  we 
invoke  the  argument  that  wall  nonuniformity  reduces  by  a similar  per- 
centage. Table  IV  gives  the  percentage  decrease  in  ferrite  wall  uni- 
formity which,  according  to  our  physical  model,  should  reduce  the  overall 
B^  by  a similar  percentage.  Assuming  B^  = 850  for  a perfectly  uniform 
toroid,  the  second  column  gives  a calculated  B^  assuming  wall  nonuniformity 
is  the  only  factor  reducing  B^.  The  third  column  repeats  the  measured  B^ 
at  15  amp-turns  drive  and  the  fourth  and  fifth  indicate  the  microwave  prop- 
erties of  differential  phase  shift  and  insertion  loss  that  were  measured  on 
APS  320  and  322. 

From  the  calculated  and  observed  B^  it  is  clear  that  the  degree  of  non- 
uniformity correlates  with  remanence  but  the  change  is  stronger  than  the 
simple  linear  relationship.  The  percentage  drop  in  B^  is  nearly  twice  the 


2.  84 

719 

2.  25 

803 

-- 

-- 

Cracks  in  boule 

2.04 

805 

1.  92 

617 

2.  10 

707 

Failed  during  spray 
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percentage  decrease  in  wall  thickness  in  each  of  the  three  cases.  It  is  of 
course  also  possible  that  other  unknown  factors  further  reduce  but  they 
do  not  change  the  order  dictated  by  wall  thickness.  We  note  that  the  arc 
current  was  quite  low  (200-220  amps)  in  these  three  runs,  so  that  overheating 
is  probably  not  the  cause  of  warping. 

TABLE  IV 


CALCULATED  AND  OBSERVED  B^  AND  MICROWAVE 
PROPERTIES  ON  APS  SAMPLES 


APS  No. 

Uniformity 

(%) 

C ale . B 

r 

Obs.  B 

r 

Ins.  Loss 

320 

96.  7 

822 

805 

395 

0.  44 

321 

88 

759 

617 

-- 

322 

91 

774 

707 

342 

0.  57 

The  spray  runs  on  March  8,  March  9,  and  March  11  were  carried  out 
with  the  graphite  holder  and  the  new  rotation  - translation  equipment.  The 
dielectric  was  the  LMTAF200(7A)  material  where,  x = 1.0  and  y = . 07  in 

5^-x/  2“".  Io'^‘xAV^'2.  4-3x/  2-y°4'  ferrite  powder  was  the  new 

batch  of  LMTF475(G7)  described  in  Sec.  2.  2.  2.  The  spray  procedure  had 
been  changed  in  that  the  dielectrics  were  not  preheated  but  placed  directly 
on  the  pedestal  tube  through  the  open  door  of  the  holding  oven.  We  have  had 
no  evidence  of  thermal  shock  using  this  procedure.  The  spray  conditions  are 
summarized  in  the  Arc  Plasma  Log,  Table  I.  The  arc  ..urrent  was  main- 
tained at  250-280  amps  in  the  first  two  runs,  but  was  increased  in  the  last 
to  raise  the  deposition  rate,  which  had  been  falling  off  (apparently  because 
of  a leak  in  the  powder  hopper).  The  setting  at  45  percent  in  this  series 
corresponds  to  100  rpm  sample  rotation  rate. 

Samples  APS  327  and  329  in  Table  V were  bowed  0.009  in.  and  0.011  in. 

which  produced  wall  nonuniformities  and  reduced  B^.  Another  contributor  to 

reduced  B was  the  lack  of  a final  800° C anneal  for  these  samples  and 
r 

APS  331. 
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TABLE  V 


HYSTERESIS  PROPERTIES  OF  APS  SAMPLES  324  - 332 


APS  No. 

H 

c 

B 

r 

Comments 

324 

— 

Warped 

325 

3.  10 

775 

Coating  separation  near 
top  warped,  no  800°  anneal 

326 

-- 

— 

327 

3.26 

535 

328 

3.  57 

760 

329 

3.  11 

427 

Warped,  no  800°  anneal 

330 

3.  04 

760 

331 

3.21 

754 

No  800°  anneal 

332 

3.  26 

760 

APS  samples  333  through  338  were  not  processed  in  time  to  give  any 
magnetic  property  data. 

2.  2.  3 Test  results  on  confirmatory  samples 

A total  of  20  samples  were  tested  in  accordance  with  the  requirements 
for  first  article  inspection  on  this  contract  and  delivered  with  a report  on 
January  27,  1977. 

The  plasma  spray  conditions  used  to  produce  the  phase  shifter  elements 
are  summarized  in  Table  VI.  Six  of  the  early  samples  (APS  161,  162,  163, 
176,  241,  and  244)  made  use  of  ferrite  powder  with  slightly  lower  47tM 

s 

(~1200  gauss)  but  otherwise  identical  with  the  higher  47tM  (~1230  gauss) 

s 

G5  powder  used  for  the  remaining  runs.  We  have  found  that  the  choice  of 
dielectric  composition,  within  the  narrow  limits  of  composition  and  resulting 
expansion  coefficient  little  effect  on  the  magnetic  properties. 

The  effect  is  probably  finite  but  within  the  noise  level  of  other  factors  such 
as  spray  conditions  and  uniformity  in  wall  thickness.  Two  of  the  samples 
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(APS  176  and  275)  are  slightly  shorter  (0.030  in. ) than  the  desired  length  due 
to  machining  errors.  These  samples  were  included  because  they  meet  all  of 
the  contract  specifications  for  full-length  elements. 

For  sample  runs  through  APS  264,  the  spray  distance  was  3.  25  inches. 
Arc  currents  of  290-360  amperes  and  carrier  gas  velocities  of  15-25  CFH 
were  used.  Beginning  with  APS 270,  samples  were  made  at  2.87  in.  distance, 
the  minimum  practical  spray  distance  for  our  equipment.  The  latter  spray 
distance  permitted  a reduction  in  arc  current  (210-220  amperes),  arc  gas 
flow  (35  CFH),  arc  gas,  and  powder  gas  flow  (10  - 15  CFH).  Faster  pull 
rates  were  made  possible  by  the  increased  deposit  efficiency  at  the  reduced 
spray  distance.  The  spray  chamber  was  kept  at  about  700°C  and  the  upper 
holding  oven  at  650°  C during  spraying. 

The  incidence  of  cracking  in  machined  and  annealed  phase  shifters  de- 
creased to  very  low  levels  in  the  more  recent  samples.  This  is  attributed 
to  the  improvements  in  spray  technique,  which  allow  uniform  ferrite  coatings 
in  both  the  radial  and  longitudinal  directions.  Samples  were  given  the  stan- 
dard anneals  at  1015°C,  2 hours  in  Og  in  as-sprayed  condition,  and  800°C, 

2 hours  in  air  after  machining  for  stress  relief. 

The  hysteresis  loop  and  microwave  property  measurement  results  are 
summarized  in  Table  VII,  and  the  temperature  variation  data  on  10  phase 
shifters  are  shown  in  Table  VIII.  Twenty  samples  were  tested  for  and  H^, 
and  10  of  these  were  given  further  waveguide  testing. 

The  confirmatory  test  procedure  calls  for  temperature  dependence  of 

H and  B as  well  as  microwave  measurements  on  the  same  10  samples.  In 
c r 

normal  scheduling  this  would  call  for  hysteresis  and  microwave  testing  on  the 
first  10  (that  is,  APS  161  through  APS  270).  However,  we  felt  that  the  tests 
should  be  performed  on  some  of  the  latest  samples,  where  incremental  im- 
provements in  technique  and  materials  were  constantly  taking  place.  Because 
of  time  limitations,  we  did  not  succeed  in  focusing  all  tests  on  the  latest  10, 
but  did  succeed  in  testing  five  (APS  274  through  APS  282). 


I 
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TABLE  VII 
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Again,  for  temperature  dependence  of  the  microwave  properties,  only 
one  of  this  latest  group  (APS  274)  could  be  tested  in  time.  The  other  phase 
shifter  for  microwave  temperature-dependence  testing  was  APS  241. 

All  of  the  samples  with  the  marginal  exception  of  APS  277  (Table  VIII) 
fell  within  the  expected  range  of  less  than  ± 10  percent  variation  in  B^. 

Table  VII  indicates  that  the  later  samples  had  somewhat  higher  phase  shift 
(A<E>^)  and  all  were  greater  than  the  340°  required. 

Insertion  phase  was  measured  on  each  of  the  rf  tested  samples.  For 
a phased  array  phase -shifting  element,  the  insertion  phase  in  itself  is  of 
little  importance.  What  is  important  is  the  variation  of  insertion  phase  from 
element  to  element.  To  measure  this  quantity,  Aid  , the  reference  arm 
length  was  readjusted  so  that,  with  the  reference  phase  shifter  in  place,  we 
had  again  a near-zero  phase  indication  over  the  frequency  range  (condition 
for  equal  electrical  length  of  both  arms). 

The  guideline  goal  of  ± 16°  was  not  achieved;  the  standard  deviation  for 
the  10  samples  was  41.  26°  with  a total  spread  of  ±48°  about  a mean  value  of 
36.  92°.  The  deviation  is  about  30  percent  higher  than  the  value  obtained  on 
several  thousand  PATRIOT  elements  installed  in  test  antennas.  One  possible 
cause  of  the  greater  variation  in  APS  phasers  is  the  separation  between  halves 
of  the  two-piece  dielectric.  Another  is  the  fact  that  dielectric  and  ferrite  com 
position  did  vary  slightly  between  early  and  later  samples  ^see  Table  VI).  In 
the  later  series  of  five  the  insertion  phase  grouping  is  much  closer. 

Insertion  loss  measured  on  APS  samples  was  typically  > 1 dB.  Larger 
values  were  recorded,  for  example,  in  APS  234,  where  I.  L.  = 1.88  dB. 
Further  annealing  under  oxidizing  conditions  reduced  the  value  to  ~ 1 dB 
in  this  particular  sample.  We  conclude  that  the  intrinsic  loss  for  these 
elements  is  > 1 dB  and  that  longer  oxidation  anneals  would  bring  all  samples 
into  this  range. 
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3. 0 CONCLUSIONS 


The  primsu:y  activities  of  the  seventh  quarter  were  the  testing  and 
delivery  of  the  20  confirmatory  samples  and  the  redesign,  rebuilding  and 
testing  out  of  improved  rotation -translation  equipment  and  holder  assemblies. 

The  confirmatory  sample  testing  was  completed  and  a formal  report 
submitted  in  January.  The  twenty  samples  passed  all  of  the  requirements, 
although  phase  shift  was  somewhat  better  on  samples  sprayed  near  the  end 
of  the  confirmatory  run.  The  average  value  was  A®  = 384°  , with  a standard 

deviation  of  26.8.  Insertion  loss  was  typically  less  than  1 dB  except  for 
samples  where  annealing  time  was  insufficient.  We  surmise  that  annealing 
time  for  the  oxidation  process  which  reduces  insertion  loss  is  critically 
dependent  on  ferrite  density.  We  have  changed  from  2 -hour  to  4 -hour  anneals 
to  assure  low  insertion  loss. 

After  shipment  of  the  confirmatory  samples,  the  rebuilding  of  the  APS 
equipment  was  completed.  The  basic  objectives  were  to  have  the  pedestal- 
motion  equipment  firmly  tied  into  the  furnace  assembly,  so  that  no  relative 
shift  in  position  could  occur,  and  to  rework  the  rotation -translation  assembly 
so  that  no  eccentric  motion  or  error  in  position  reproducibility  could  be 
due  to  equipment  error.  These  objectives  were  met  quite  well  as  shown  by 
subsequent  test  runs. 

4.  0 PROGRAM  FOR  THE  NEXT  INTERVAL 


The  ccMifirmatory  samples  were  tested  at  ECOM  Laboratories  and  the 
results  forwarded  to  us  on  March  22.  The  results  showed  good  agreement 
in  hysteresis  loop  properties  and  in  microwave  test  data  with  Raytheon' s 
report. 

We  have  set  up  a test  program  beginning  on  May  1 extending  to 
July  30  to  make  the  necessary  measurements  on  the  200  producticxi  samples. 
The  spray  schedule  calls  for  40  samples  in  April,  80  in  May  and  80  in  June. 
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5.0  IDENTIFICATION  OF  PERSONNEL 


The  personnel  who  contributed  to  this  production  development  effort 
during  the  seventh  quarterly  reporting  period,  and  the  manhours  worked  by 
each  is  shown  below.  Biographies  of  these  personnel  have  been  supplied  in 


previous  quarterly  reports.  ; 

Name  Hours  i 


J.  Green  7 

J.  Van  Hook  277 

L.  Lesensky  11 

O.  Guentert  21 

D.  Masse^  20 

R.  Maher  369 

Other  635 

Total  1340 
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Appendix  A 

X -Radiography  of  Plasma -Sprayed 
Boules  297  - 338 
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